Charge-pumping, dual-transistor, and midgap estimates of radiation-induced interface-trap density are compared for a large number of transistors fabricated using a wide range of processing technologies. Comparisons are shown for single-transistor midgap and charge-pumping measurements and dual-transistor-mobility measurements.
INTRODUCTION
Several techniques are routinely used to electrically characterize defects at or near the Si/SiO, interface in MOS transistors. Three practical methods are the charge-pumping [ 11, midgap [2], and dual-transistor-mobility techniques [3,4]. Each of these techniques offer potential advantages and disadvantages compared to the others. Both the dualtransistor-mobility and midgap techniques are simple to implement and generally provide accurate estimates of threshold-voltage shifts due to oxide traps and interface traps [2-41. However, these estimates can break down when significant charge lateral non-uniformities are present in the oxide [5] or at short times after irradiation [4,6]. In contrast, charge-pumping measurements are not significantly affected by charge lateral non-uniformities [ 151. Charge pumping is relatively easy to use, has a high sensitivity to small interface-trap densities, and can be applied to shorttime measurements [ 1, 5] . However, there are often difficulties in converting charge pumping currents to average interface-trap densities, Dit, because of uncertainties in interface-trap capture cross sections [ 13 and geometric components of the charge-pumping current [ 1, 7, 8] . Moreover, once an estimate of D,, is obtained, there is some question about how to convert pre-and post-irradiation D,, values into estimates of threshold-voltage shifts due to interface-trap charge, AVi,, which requires knowledge about how much of the band gap contributes to the chargepumping signal. Previous work [9,10] has shown that there can be large differences in the density of interface traps measured using charge-pumping and subthreshold or midgap techniques [9,10]. Considering the widespread use of these techniques, it is of practical and theoretical importance to quantitatively compare them.
The first part of this paper is a brief overview of the measurement techniques. We then compare the density of radiation-induced interface traps measured using the dualtransistor-mobility, midgap, and charge-pumping techniques for a large number of n-and p-channel transistors fabricated using several different technologies with a wide range of gate-oxide thicknesses and transistor geometries. A new dual-transistor analysis technique is presented which combines threshold-voltage shifts and charge-pumping measurements to provide accurate estimates of threshold voltage-shifts due to oxide-trap and interface-trap charge. This technique includes a physically-based self-consistency check of the charge-pumping, dual-transistor, and midgap measurements. We call this method the dual-transistor charge-pumping technique (DTCP). DTCP analysis contains no free parameters. In the second part of this paper, we present the assumptions that underlie the DTCP analysis, the equations for DTCP analysis, and a comparison of the DTCP method to midgap and dual-transistor-mobility techniques.
shift due to interface-trap, AVi,, and oxide-trap, AV,,,, charge. Analogous to common capacitor techniques, AV, is determined from the stretchout in transistor I-V curves between midgap and threshold and AV,,, is determined from the voltage shift at midgap. At room temperature, the current corresponding to midgap A) is very low. Thus, the voltage level corresponding to the midgap current is normally determined by extrapolating transistor I-V curves in the subthreshold region to the midgap current value. Therefore, any effects which can cause "multiple" slopes of the I-V curves in the subthreshold region or that can result in large parasitic leakage currents can cause large errors in the values of AVit and AV,,,. Effects which can cause multiple slopes of the I-V curves include charge lateral non-uniformities (which become more pronounced at low temperatures [5]), low-current measurement errors (especially at high speeds) [4] , and p-n junction and field oxide leakage.
B. Dual-Transistor-Mobility Method
Similar to the midgap method, the dual-transistormobility (DTM) method [3,4] is an I-V technique that is simple to implement and gives a direct measurement of AV,, and AV<,,. (We have renamed the dual-transistor method described in Refs. 3 and 4 as the dual-transistor-mobility method in order to distinguish it from the dual-transistor charge-pumping method introduced in Section V.) Dualtransistor-mobility analysis overcomes most of the lowcurrent measurement problems associated with the midgap method, but it must be applied to n-and p-channel transistors with identically processed oxides. In addition, the n-and p-channel transistors must be irradiated under identical conditions at the same oxide electric field so that AV", is equal for the two transistors. The DTM analysis assumes that interface-trap buildup can be inferred from mobility degradation via an equation of the Sun-Plummer form [ll-131, i.e., where p and are the post-and pre-irradiation mobilities, ANi, is the areal density of radiation-induced interface traps, and a and a ' are proportionality constants which are each taken to be the same for n-and p-channel transistors. This relation is valid for most cases of interest [4,6,12,13], but can break down at very short times after irradiation (c1 s) [4,6] or at low temperatures [4,5] where interface-trap densities are small and near-interfacial oxide traps can reduce the channel mobility [4-61. One important feature of DTM analysis is that it includes an internal check (a*) of the accuracy of the measurements and/or the validity of the analysis. The DTM analysis may break down if significant concentrations of charge lateral non-uniformities are present in the oxide to cause uncertainty in threshold-voltage or mobility measurements. In these cases, a* will not be consistent.
C. Charge-Pumping Method
Charge-pumping (CP) [ 11 is a very sensitive technique for measuring small changes in interface-trap densities [ 1,5], is relatively insensitive to charge lateral non-uniformities [5], and can be used for short time (c1 s) measurements [5] . However, charge-pumping directly measures neither AVit nor ADit. Instead, both of these parameters are inferred from the charge-pumping current. When a transistor is continuously pulsed from inversion to accumulation, a charge-pumping current in the substrate of the transistor results as minority and majority carriers are captured by and emitted from traps at the Si/SiO, interface. For a triangular charge-pumping waveform (as used in this work), the charge-pumping current, ILP, is related to the average density of interface traps, Dit, through the equation
where q is the charge of an electron, A is the transistor area, k is Boltzmann's constant, T is the absolute temperature, v,, is the thermal velocity of the carriers, Ni is the intrinsic carrier concentration, (T, and (3, are the electron and hole capture cross sections, V, and V,, are flatband and threshold voltages, and f and AVg are the frequency and amplitude of the measurement signal. To accurately calculate Dit, one must know the effective interface-trap capture cross section as a function of dose [14]. Also, due to uncertainties caused by geometric components of the charge-pumping current, there is some question about the accuracy of calculating Dit from the charge-pumping current. As discussed below, there are difficulties in converting AD, into AVi, due to uncertainty about which portion of the band gap contributes to the charge-pumping current.
EXPERIMENTAL DETAILS

A.
Devices A wide range of devices fabricated by several manufacturers with wet and dry oxides, gate lengths from 1.2 to 50 pm, and oxide thicknesses from 23 to 105 nm were evaluated. The key features of the process/layout Conditions are summarized in Table I . All transistors were fabricated in radiation-hardening bulk CMOS technologies with different degrees of hardness. Split A transistors were fabricated in a state-of-the-art radiation-hardened technology. For splits B through H, transistors were fabricated in a relatively "vintage" radiation-hardened technology using dry gate oxides for splits B and F to H, and wet oxides for splits C to E. In addition, split B gate oxides were subjected to a high-temperature post-oxidation anneal to intentionally softened the oxides. For split I, transistors were fabricated in a moderately-hardened technology and for splits K to M, transistors were fabricated in a state-of-the-art technology. Most of the data presented in the paper were taken from n-channel transistors fabricated using split A. In most cases, data taken from transistors fabricated using other processes and layouts, and data taken on p-channel transistors resulted in qualitatively similar results. Those cases in which qualitatively different results were obtained are discussed below.
B. Measurements
A11 measurements were taken using computer controlled test equipment. Charge pumping-measurements were taken using a hp8 1 12 function generator and a hp4142 DC source monitor unit. A triangular waveform with a frequency of 1 MHz and a pulse amplitude of 6 V was used for all charge-pumping measurements. This amplitude is sufficiently high to allow time for complete filling of traps as the voltage is swept through threshold [I] .
Transistor I-V curves were taken using a hp4062 parametric test system. All transistor I-V curves were taken in the saturation region with a drain bias of 5 V. Typical I-V curves taken on an n-channel transistor fabricated using split A are shown in Figure 1 . I-V curves are shown preirradiation and after irradiation to 500 krad(Si0,). Threshold voltages were determined by two methods. For the "24I analysis" method, threshold voltage was defined as the gate voltage required to give a surface potential, y. corresponding to the onset of strong inversion, defined as w = 241B, where QB is the bulk potential) [2, 15, 16] . This method was first suggested by Winokur et al. [2] for comparing capacitor to transistor response and has since been adopted as an ASTM standard [15] . For this method, we determined the threshold voltage by calculating the current at the onset of strong inversion [2, 15, 16] and then measuring the voltage corresponding to this current. These points are identified as the 241 threshold values in Figure 1 . For the transistor data of Figure 1 , the threshold voltages determined using the 241 analysis method were 1.038 and 0.253 V pre-and post-irradiation. corresponding to drain currents of 1.2xlO-' and 8.8x10-' A, respectively. Note that current levels corresponding to threshold voltages calculated using the 241 analysis method are lower than the current levels corresponding to the threshold voltages calculated using the conventional analysis method.
The points corresponding to midgap are also shown in Figure 1 . The gate voltage at midgap was determined by calculating the current at midgap using y = 41B [2, 16] , extrapolating the I-V curves to low current levels, and then measuring the voltage corresponding to this current. An extrapolation range of 10.' to 10.' A was used for the results reported in this work. The midgap voltages were 0.24 V and -0.93 V pre-and post-irradiation, corresponding to drain currents of 6 . 3~1 0 -l~ and 4 . 6~1 0 . '~ A, respectively. For the midgap technique, the radiation-induced threshold voltage shift due to oxide-trap charge is given by the voltage shift pre-and post-irradiation at the midgap point, and the threshold voltage shift due to interface-trap charge is given by the change in stretchout in the I-V curves from midgap to threshold [2] . Note that, because the current levels corresponding to the threshold voltages calculated using the 24 analysis method are lower than the current levels calculated using the conventional analysis method, the voltage stretchout from midgap to threshold is less for data analyzed using the 241 analysis than for data analyzed using the conventional analysis method. Therefore, the areal density of interface traps estimated using the midgap technique will be less if threshold voltages are determined using the 241 analysis method than if they are determined using the conventional analysis method. Because we are changing only the point at which threshold voltage is determined, and still equate the value of the midgap shift with AVotr only AVt,, and AVit values are different between the conventional and 24 analyses. Values of AV,,, will be the same.
C. Irradiations
Transistors were irradiated at room temperature under bias using a 10-keV x-ray source at dose rates from 160 to 830 rad(SiO,)/s. After irradiation, the transistors were annealed at room temperature under bias.
IV . EXPERIMENTAL RESULTS
A.
Comparing the Methods
Dual-transistor-mobility and midgap techniques measure the threshold-voltage shifr due to interface-trap charge. In contrast, the charge-pumping technique measures the charge-pumping current. The charge-pumping current is related to the density of interjiuce traps through Eq. (2). To compare the techniques, we can express the density of interface traps in terms of the threshold-voltage shift due to interface-trap charge. For an n-channel transistor, the density of radiation-induced interface traps is given by where AVit,, is the n-channel transistor threshold-voltage shift due to interface-trap charge, A(ey,,) is the band gap range over which the interface traps contribute to the measurement, and C,,, is the oxide capacitance per unit area. The largest source of uncertainty in determining ADih using Eq. (3) is defining the portion of the band gap, A(ey,,), that contributes to AV,t,,. For example, the midgap technique measures the number of radiation-induced interface traps from midgap to threshold [2] . For the conventional threshold voltage, the precise location of the surface potential corresponding to the threshold voltage is uncertain. In order to compare techniques, one may initially assume that the surface potential corresponding to the threshold voltage roughly corresponds to the point of onset of strong inversion, i.e., y = 241B (where 41B is the bulk potential) [2] .
We now experimentally compare the three techniques, beginning with the assumption that Ay = 41B.
B. Experimental Comparison
We first compare interface-trap densities estimated via the three techniques using single n-channel transistor chargepumping and midgap measurements and dual-transistormobility (n-and p-channel) measurements. Oxide-trap charge measurements will be compared in Section V below. Figure 2: ADi, determined using the midgap, dual-transistor-mobility, and charge-pumping techniques. Threshold voltages were determined using the conventional analysis method.
voltages are determined using the conventional method for the MG and DTM analyses. For the dual-transistor-mobility and midgap techniques, ADi, was determined from the respective values of AVi, using Eq. ( 3 ) with Ay, = QB. For the charge-pumping technique, ADi, was determined from the charge-pumping current using Eq. (2). Note that there is excellent agreement in the values for ADi, between the dual-transistor-mobility and midgap measurements. However, these values are approximately 50% higher than the values for ADi, measured using charge pumping. Similar differences have been previously reported between chargepumping and subthreshold I-V measurements [9, 10] and indicate that there can be problems in directly comparing the techniques.
There are a number of possible causes for the discrepancies observed in Figure 2 .
As mentioned previously, one cause of uncertainty in calculating ADi, from AV, using Eq. (3) is defining the portions of the band gap which contribute to ADi, and AVi,. Differences in interfacetrap densities in the upper and lower regions of the band gap can also cause differences between charge-pumping, dual-transistor-mobility, and midgap measurements. For an n-channel transistor the midgap technique is sensitive to the number of interface traps in the upper half of the silicon band gap. On the other hand, charge-pumping gives an average interface-trap density over an energy range of approximately 0.7 2 0.1 eV [1, 5] centered around the middle of the silicon band gap. Thus, ADi,, as measured by charge pumping, includes contributions from both the upper and lower regions of the band gap. The density of interface traps in the upper region of the band gap is often larger than the density of interface traps in the lower region of the band gap [2, 17] . Therefore, for an n-channel transistor the average density of interface traps measured by charge pumping may be lower than the density of interface traps measured by the midgap technique.
Differences in measurement conditions (e.g. frequency) can also lead to different results. The frequency (1 MHz) of the chargepumping measurements is considerably higher than the effective frequency (1 -5 Hz) of the dual-transistor-mobility and midgap measurements. At low frequencies [ 18,191, border traps (near-interfacial oxide traps which can exchange charge with the silicon [20] ) can mimic the electrical response of interface traps. Thus, low frequency midgap and dual-transistor-mobility measurements may overestimate the number of "true" interface traps. Errors in calculating AD,, from the charge-pumping current can also arise due to uncertainties in capture cross sections [1, 14] and geometric components of the charge-pumping current [ 1, 6] . However, errors due to geometric components of the charge-pumping current would give rise to larger currents, thus overestimating the density of interface traps and contrary to the results of Figure 2 . Hence, it is unlikely that geometric components of the charge-pumping current cause the discrepancies in Figure 2 , so we focus our attention on the other possibilities listed above.
To reduce the uncertainties in the portion of the band gap over which interface traps contribute to midgap and dual-transistor-mobility measurements, we can define and measure the threshold voltage as the surface potential corresponding to the onset of strong inversion, y = 241B
(similar to what is commonly done for capacitor measurements [2] ). For this case, the surface potential corresponding to the threshold voltage is well defined and Ayn = y(inv) -y(mg) = qB. We refer to this as the 241 analysis (see Section I11 B). Figure 3 is a comparison of ADit measured using charge-pumping, midgap, and dualtransistor-mobility techniques using the data of Figure 2 with the threshold voltages for the dual-transistor-mobility and midgap techniques determined using the 2@ analysis. Note that there is now excellent agreement between the dual-transistor-mobility and charge-pumping measurements, and close agreement (2 10%) between the midgap and charge-pumping measurements. This indicates that, for these devices and irradiatiodanneal conditions, by defining the threshold voltage as the point corresponding to the onset of strong inversion one can obtain good agreement between the three techniques. Thus, by precisely defining the portion of the band gap over which the measurements and analysis are performed has led to improved agreement among the methods.
In most cases, similar results were obtained for transistors fabricated using the other processes and layouts listed in Table I . Figures 4 and 5 are plots of the ratio of ADi, measured using the midgap and dual-transistor-mobility techniques normalized to the value of ADi, measured using charge pumping, AD,,(CP), for threshold voltages calculated using the conventional and 241 analysis methods, respectively, for the different processes and layouts. The irradiation and anneal times corresponding to the different processes and layouts are given in Table I . The dashed lines in the figures correspond to 20% variations in ADi, from AD,(CP). For the case where the transistor threshold voltages were determined using the conventional analysis method (Figure 4) , relatively close agreement in AD, is generally obtained for the dual-transistor-mobility and midgap techniques. However, consistent with Figure 2 , most of the values for ADil calculated using the midgap and dual-transistor-mobility techniques are considerably higher (60 to 100%) than the values for ADi, calculated using charge pumping. Note that for transistors of splits J to M, which had increasingly larger gate lengths, there appears to a gate length dependence for AD,, measured by the midgap technique. This gate length dependence is discussed in detail in reference 21. Also note that for split B the value of ADil calculated using either the dual-transistor-mobility or the midgap technique is more than six times higher than the value of AD, measured using charge pumping. This large discrepancy in results for split B will be discussed later. It is an indication that either there were measurement errors (for one or more of the techniques) or that the assumptions underlying the calculation of AD,, broke down (again, for one or more of the techniques).
For the case where the transistor threshold voltages were determined using the 2$ analysis method (Figure 5 ), except for split B, all of the values for ADi, calculated using the dual-transistor-mobility method agreed to within 20% of the values of ADi, using charge pumping and (again except for splits B and I) and to within 50% of values calculated using the midgap method. One feature that may lead to the good agreement between the dual-transistor-mobility and charge-pumping methods in Figure 5 is that each senses the interface-trap density in both the upper and lower regions of the band gap. Both regions of the band gap can affect the dual-transistor-mobility method because n-and p-channel transistor threshold voltage and mobility measurements contribute to the analysis, and in the charge-pumping method because the surface potential is swept from flatband to threshold. The slightly higher values of AD,, in some cases for the midgap method may be due to the fact that, for n-channel transistors, the midgap method only averages over the upper region of the band gap, where the interface-trap density may be higher. That more variation in ADi, is observed for the transistors analyzed using the midgap method may also not be surprising. For even what appeared to be relatively linear subthreshold slopes (see Figure 1) , as much as a 20% variation in AD, could be obtained for splits C through G by analyzing the subthreshold slopes of the I-V curves at different current levels. For splits J through M, where non-linear subthreshold slopes were observed, more than a 50% variation in the value for ADi, could be obtained by analyzing the I-V curves in different regions. Note that this ambiguity is not a problem for the dual-transistormobility and charge-pumping methods.
Similar trends in comparing the dual-transistormobility method to charge pumping were also observed for p-channel transistors. Figure 6 is a plot of AD,, measured using the dual-transistor-mobility technique normalized to the value of AD,, measured on p-channel transistors using charge pumping, AD,,(CP). The threshold voltages were determined using the conventional and 241 analysis methods. 
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Process / Layout Split Figure 5 : AD,, determined using 2@ midgap and dual-transistormobility techniques compared to AD,, determined using charge pumping.
The irradiation and anneal times corresponding to the different processes and layouts are given in Table I . The dashed lines in the figures correspond to 20% variations in ADi, from AD,,(CP). Note that, similar to the results for nchannel transistors, best agreement between charge pumping and the dual-transistor-mobility method is obtained using the 24 analysis method. The large variation in ADi, measured by charge pumping and the dual-transistor-mobility technique (and the midgap technique, Figure 7 , discussed below) for split I transistors may be an indication that there are a large number of border traps in these devices.
However, in comparing the midgap method to charge pumping for p-channel transistors, good agreement between the techniques was not usually obtained for either the conventional or the 241 analysis methods. Figure 7 is a plot of ADi, measured using the midgap technique normalized to the value of ADi, measured on p-channel transistors using charge pumping. The threshold voltages were determined using the conventional and the 241 analysis methods. The irradiation and anneal times corresponding to the different processes and layouts are given in Table I . For the 241 analysis method, the midgap technique often significantly (up to 50%) underestimates the number of interface traps as measured by charge pumping. For the conventional analysis method, the midgap technique compares better to charge pumping than the dual-transistor mobility method, but still usually overestimates the number of interface traps compared to charge pumping. This is likely a direct result of the fact that for p-channel transistors the midgap technique predominantly samples interface traps in the lower region of the band gap, where the interface-trap density is often lower [17] , leading to lower values of ADi,. Thus, for p-channel devices, the 241 analysis method significantly underestimated the number of interface traps (compared to charge pumping) and better agreement was obtained for the conventional analysis method (which significantly overestimated the number of interface traps for n-channel transistors).
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Process / Layout Split Figure 6 : AD,, determined using the dual-transistor-mobility technique compared to AD,, determined using charge pumping.
Even though close agreement between the three techniques is normally not obtained if the threshold voltages are determined using the conventional analysis method, this is not an indication that the AVl, values determined using the conventional analysis method are necessarily "bad" results. It is merely a result of the fact that the conventional analysis method analyzes data over a wider region of the band gap than the 241 analysis method. In fact, if one knew the value of Ay that corresponds to the interface-trap measurements, one could use Eq. (3) to determine AD,t from AV,, for the dual-transistor-mobility and midgap measurements and obtain good agreement with charge pumping even for the case where thresholds voltages are determined using the conventional analysis method.
Unfortunately, A y is normally not known. However, A y can be calculated using the dual-transistor charge-pumping technique introduced in the next section. If for the conventional analysis method A y is unknown, one should use the 2$ analysis method in order to compare AD,, measured using charge pumping directly to AD,, measured using the midgap or dualtransistor-mobility techniques. For circuit analysis and hardness assurance prediction, either the conventional or the 2$ analysis methods should provide reasonable estimates of AV,,, and AV,,.
V. DUAL-TRANSISTOR CHARGE-PUMPING METHOD
In the above discussion, we showed that for most devices and irradiation conditions good correlation between the three techniques can be obtained by "precisely" defining the region of the band gap being investigated. However, as discussed earlier, there are instances when the underlying assumptions of the midgap or dual-transistor-mobility analyses are invalid or excessive measurement errors occur. For example, at short times after irradiation (<I s), nearinterfacial oxide traps can reduce the channel mobility [6] causing the Sun-Plummer mobility relation used to derive the dual-transistor-mobility method to break down, Process / Layout Split Figure 7 : AD,l determined using the midgap technique compared to AD,, determined using charge pumping.
invalidating the dual-transistor-mobility analysis [4] . threshold-voltage shifts due to interface-trap charge, AV,,, Similarly, at short times after irradiation low current measurements are difficult to make and are prone to large errors [3,4]. These errors can invalidate midgap estimates based on subthreshold current measurements. Similarly, instance, due to geometric effects [1, 7, 8] . There are also uncertainties in converting AD,, values into AV,, values (also necessary to obtain accurate estimates of AV,,, via chargepumping) caused by uncertainties in the portion of the band It is gap which contributes to the measurements. advantageous to have a technique that can provide a check and AVitp. by
(5) problems may arise in charge-pumping measurements, for
These equations are the starting point of the dual-transistor charge-pumping analysis (and dual-transistor-mobility analysis). Subtracting Eq. (5) for problems which may arise during charge-pumping measurements and that can provide information on the portion of the band gap that contributes to the interface-trap measurements.
To overcome these limitations and to provide a selfconsistency check of charge-pumping measurements, we have developed a new analysis technique that combines charge-pumping and threshold-voltage measurements on nand p-channel transistors to accurately determine the threshold-voltage shifts due to interface-and oxide-trap charge. We call this technique the dual-transistor chargepumping (DTCP) technique. The DTCP technique is similar in principle to the dual-transistor-mobility technique, except that charge-pumping measurements are used as a measure of n-and p-channel average interface-trap density instead of mobility measurements.
Both charge-pumping and threshold-voltage measurements can be accurately performed at short times. The dual-transistor charge-pumping method contains no free parameters. In this section, we present the details of the derivation of the DTCP technique with its underlying assumptions, provide the equations for analysis, and illustrate its application.
A.
Dual-Transistor Charge Pumping: Theory
The dual-transistor charge-pumping analysis must be applied to n-and p-channel transistors with identically processed oxides, preferably on the same wafer or die to best match oxide radiation response, irradiated under identical conditions at the same oxide electric field [3,4]. We assume that 1) at threshold interface traps predominantly are charged negatively for n-channel transistors and positively for p-channel transistors, and 2) that AV,,, is approximately equal for these n-and p-channel transistors. Assumption 1) follows from the common assumption that interface-trap charge is neutral at midgap [2,22-241. Assumption 2) is consistent with MOS capacitor work in which AV,, was found not to depend on the substrate doping type or level [2.25] and our previous experience with the dual-transistor-mobility analysis [3,4].
Under these conditions, the n-and p-channel transistor threshold-voltage shifts, AV,,, and AVthp. are related to their respective
At this point, dual-transistor charge-pumping analysis parts ways from dual-transistor-mobility analysis. Instead of determining interface-trap densities from an equation of the Sun-Plummer form, i.e. Eq. (l), the dual-transistor chargepumping method uses charge-pumping measurements. To avoid the uncertainty in defining A y in the dual-transistor charge-pumping analysis, it is treated as an unknown. In fact, the respective values of A y for n-and p-channel transistors, A y n and Ayp. are variables in the analysis. However, to maintain the physical dependence of A y on doping density, we assume that the ratio of these quantities, R, where is equal to the ratio of the bulk potentials for the n-and pchannel transistors, i.e.
where N,, and N,, are the p-and n-channel doping densities, and Ni is the intrinsic carrier concentration. Finally, Eq. (3) can be rewritten to give the threshold-voltage shifts due to interface-trap charge for n-(AVit,) and p-channel (AVitp) transistors, i.e.
(9)
These equations complete the full set necessary to derive the DTCP analysis. The system of equations (4), (5), (9), and (10) can be solved exactly for the four unknowns AVitn. AVitp, AV,,, A y , (all other quantities are measured or easily calculated from known device dimensions and doping quantities) to arrive at the final set of DTCP equations:
B.
Dual-Transistor Charge-Pumping: Application
In the above equations, both ADit, and ADitp are positive quantities. One result of these equations is that for the first time we have an analytic estimate of Ayr. For an n-channel transistor, AV" is given by Eq. (14) and for a p-channel transistor, Ayr, can be calculated from Eqs. (7) and (14) and is equal to:
Note that Ayr" and A y p provide physically-based selfconsistency checks of the charge-pumping measurements as well as the DTCP technique. Not only must the values of Ayr, and Ayr, remain approximately constant through a series of irradiations and anneals for the analysis to be self consistent, their values can also be used to check against physical limits (similar to a* in the dual-transistor-mobility
analysis [4]). The analysis does not restrict the values of
Ay, and Ayr,, so that they truly represent an independent check of the accuracy of the charge-pumping and thresholdvoltage measurements. For example, as we show below for the 29 analysis method, if Ay, differs greatly from @B, this indicates a problem either with the measurements or the assumptions underlying the analysis. We first compare AVi, values determined using the DTCP, DTM, and MG methods for threshold voltages calculated using the 29 and conventional analysis methods. Figure 8 is a plot of AV, for n-channel transistors fabricated from split A (the same data used in Figs. 2 and 3) analyzed using the MG, DTM, and DTCP techniques. Consistent with Figures 2 and 3 , AVit is higher for the threshold voltages analyzed using the conventional method than for threshold voltages analyzed using the 29 method. However, for either the conventional or 2+ analysis methods there is excellent agreement (210%) in AVi, measured using the three techniques. Thus, charge-pumping measurements combined with threshold-voltage measurements can be used to obtain accurate values of AVi,. Recall that the dualtransistor charge-pumping method does not require an estimate of Ayr for analysis. Therefore, the value of AVi, calculated using the dual-transistor charge-pumping technique does not contain the uncertainty in Ayr that charge-pumping does when the value of AVit is calculated directly from charge-pumping current. Also, the dualtransistor charge-pumping technique does not rely on either the Sun-Plummer mobility expression or on low-current subthreshold measurements. Thus, it can be used at short times after irradiation where dual-transistor-mobility and midgap techniques may not apply.
AV", can be calculated directly from Eqs. (4), (5), or (13) once AV,, is known. Because good agreement was observed for AVi, and the same threshold voltages are used in the DTCP, DTM, and MG techniques, we should get good agreement in AV,,,. This was observed to be the case. Figure 9 is a plot of AV,,, calculated using the data of Figure  8 and analyzed using the 29 analysis method. Excellent agreement for AV,, is observed during irradiation and anneal for each of the three measurement techniques. This is the first time that charge-pumping measurements have been combined with threshold-voltage measurements to obtain accurate, unambiguous values for AVir and AV,,,. Id Time (s) Figure 9 : AV", determined using the DTCP, DTM, and MG techniques using the 21$ analysis method. As noted in Figure 8 , AVi, is higher for cases where the threshold voltages are analyzed using the conventional analysis method than the 29 analysis method. This is merely a result of the fact that the conventional analysis analyzes data over a wider region of the band gap than the 24J analysis method. However, the oxide-trap charge shift is calculated directly from the voltage shift at midgap, so AV,,, should be independent of the analysis method. Figure  10 is a plot of AV,,, calculated from Eq. (4) using the data of Figure 8 , analyzed using the DTCP method, and calculating threshold voltages using the conventional and 29 analysis methods. Note that there is excellent agreement in AVot between the analysis methods. This agreement occurs even though the threshold voltages and the interface-trap charge voltage shifts (the two parameters from which AV,,, is calculated from) are difSerent for the different analysis methods. However, one must be cognizant of the fact that the interface-trap charge voltage shift will depend on the analysis method used. Further work needs to be performed in order to determine which analysis method is the best method to use for circuit analysis or hardness assurance prediction. A useful property of the dual-transistor chargepumping technique is that it includes a direct measurement of A y . Figure 11 is a plot of Ay,, calculated from Eq. (14) using the results of Figure 8 for cases where the threshold voltages were analyzed using the 24J and conventional analysis methods. For the 29 analysis method, Ay, -0.4 during irradiation and anneal. This value is very close to the value of qB,, (0.384) for these parts. For the conventional analysis method, A y n -0.57 during anneal and was above 0.8 during the early stages of irradiation. These results are typical of those for the other processes and layouts listed in Table I . At low irradiation levels, threshold voltage differences between n-and p-channel transistors are small for both the 2$ and conventional analysis methods, which can lead to erroneous values of A y as indicated in Figure 11 .
As a final illustration of the dual-transistor chargepumping technique, we show how variations in Ay,, could have been used to determine problems in the data of Figures 3 to 5. Figure 12 is a plot of A y normalized to QBn for the processes listed in Table I . The threshold voltages were determined using the 29 and conventional analyses. Thus, we expect that the values of A y should be close to $Ĩ, , .
The dashed lines in the figure are 20% variations from @Bn. Except for splits B and I, all of the values for A y are within 20% of $Bn. For split B, A y is more than two times higher than (+, , , and for split I, A y is approximately 25% higher than I $~~. Clearly, the value of A y for split B is physically wrong. This indicates that either there were measurement problems or the assumptions underlying the analyses broke down for one or more of the techniques. In investigating the source of the problem, we noticed that the standard deviation in a' from the dual-transistor-mobility analysis was high. Using the 29 analysis method for these transistors a', during the anneal period was 2.51 & 0.67.
For transistors fabricated using split A, during an equivalent anneal period, a* was 1.032 & 0.023. Thus, the standard deviation in a* for split A transistors is considerably less than for split B transistors. Thermally stimulated current measurements on capacitors processed similarly to split B transistors [26] and high-temperature biased annealing measurements [27] on process B transistors suggest that there may be a significant amount of radiation-induced border traps very close to the Si/SiO, interface. These border traps can affect the threshold-voltage measurements used for the dual-transistor-mobility, midgap, and dualtransistor charge-pumping measurements, causing an overestimation of the number of interface traps. For split I transistors, A y for these transistors is slightly higher than for transistors fabricated using splits A, C-H, J-M. Whether or not this difference is statistically meaningful is not Time (s) known. However, for split I it worth noting that for the pchannel transistors, ADi, determined using the dualtransistor-mobility and midgap methods was considerably more than ADit determined using charge pumping (see Figures 6 and 7) . For the midgap technique, larger values for ADit compared to those measured using charge pumping are unexpected due to the fact, that for a p-channel transistor, the midgap technique senses interface traps predominantly in the lower regions of the band gap, where the interface-trap density is on average lower.
In general, if the 2I$ analysis method was used, for those cases in which there were large differences in AVi, and AV,,t between the three techniques, Ay deviated significantly from I$B. However, there were some cases where Ay,, was close to I$Bn, but there was poor correlation between chargepumping (or dual-transistor-mobility) and midgap techniques.
For example, for p-channel transistors fabricated using splits D to H and J to M, ADi, is. much lower when measured using the midgap technique than when measured using either the charge-pumping or dualtransistor-mobility techniques (see Figures 6 and 7) . For these splits, Ayn (and similarly for Ayp to qBP) was in close agreement to QBn. The fact that good values for Ay, were obtained for these splits suggests that no significant problems occurred during either the charge-pumping or threshold-voltage measurements. As discussed above, assuming the subthreshold I-V measurements for these transistors are valid (relatively linear subthreshold I-V slopes were obtained for all p-channel transistors), these results indicate that the differences are likely due to low densities of interface traps in the lower half of the band gap. Thus, it is likely that the midgap results for these transistors are equally as valid as the charge-pumping and dual-transistormobility results. Which technique gives the best results will depend on the application. determined using the dual-transistor-mobility, midgap, and charge-pumping techniques. By defining threshold voltage as the onset of strong inversion, in most cases good agreement in ADit between the three techniques can be obtained.
These results indicate that by judiciously choosing the analysis method, in most cases chargepumping, dual-transistor-mobility, and midgap measurements can be used interchangeably, with equally good results.
The poor correlation in ADi, when threshold voltages were calculated using conventional analysis methods does not necessarily imply that conventional analysis methods cannot be used for engineering and science applications where it is not necessary to-compare the different techniques. For instance, transistor data analyzed using conventional analysis methods have been used extensively to investigate and optimize circuit response in radiation environments with good correlation between theory and experiment. Similarly, conventional analysis methods have been used to analyze data in order to predict transistor and IC response in low-and high-dose-rate radiation environments from moderate-dose-rate laboratory irradiations. Whether the 2I$ analysis method can be used with better (or worse) results remains to be shown, though we expect that reasonable results should also be obtained.
Finally, we have developed a new analysis technique that combines charge-pumping and threshold-voltage measurements to give accurate values for AV,, and AVot. Good agreement in AVIll, AVit, and AVlh was obtained in most cases for transistor threshold voltages calculated using the 241 analysis method or for transistor threshold voltages calculated using the conventional analysis method. The same value for AV<,l was obtained whether the 241 or conventional analysis method was used. This is the first time that charge-pumping measurements have been combined with threshold-voltage measurements to obtain accurate, unambiguous values for AV,,t. The analysis technique provides a self-consistency check of the dualtransistor charge-pumping measurements and provides for the first direct measurement of the portion of the band gap that contributes to interface-trap measurements. By combining two easy-to-implement measurement techniques, we have developed a powerful new technique that can be used in a wide variety of hardness assurance, circuit design, and radiation effects science applications.
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In summary, we have shown that, using conventional analysis methods for calculating the threshold voltage, there can be as much as a factor of two difference in ADit
